We study the vibrational spectrum of AlN grown on Si͑111͒. The AlN was deposited using gas-source molecular beam epitaxy. Raman backscattering along the growth c axis and from a cleaved surface perpendicular to the wurtzite c direction allows us to determine the E 2 1 , E 2 2 , A 1 ͑TO͒, A 1 ͑LO͒, and E 1 ͑TO͒ phonon energies. For a 0.8-m-thick AlN layer under a biaxial tensile stress of 0.6 GPa, these are 249.0, 653.6, 607.3, 884.5, and 666.5 cm
I. INTRODUCTION
The physical properties of hexagonal aluminum nitride have recently become of great interest. 1 It has the largest energy band gap among the III-N compounds of InN, GaN, and AlN. As an alloy family, these compounds permit the growth of semiconductors having energy gaps ranging from 1.9 to 6.2 eV. AlN also has a large thermal conductivity, high thermal stability, and high hardness, is an excellent electrical insulator, and is piezoelectrically active. These properties are both physically interesting and technologically important. [1] [2] [3] Epitaxial growth of nitride semiconductors uses sapphire, SiC, or Si substrates. The film properties of AlN are strongly influenced by the substrate materials. 4 Using silicon as the substrate is highly attractive for device applications due to potential integration with well-developed silicon technologies. The large differences between the lattice constants of AlN and Si make the growth of high-quality material very difficult. Recently, growth of high-quality AlN has been demonstrated on ͑111͒-oriented silicon substrates using molecular beam epitaxy ͑MBE͒. [5] [6] [7] [8] [9] [10] [11] [12] Despite their importance, many of the physical properties of crystalline AlN have not been fully investigated, specifically when it is epitaxially deposited on a substrate.
In this paper, we examine the vibrational properties of AlN grown on silicon substrates. These studies are carried out using Fourier-transform infrared spectroscopy ͑FTIR͒ and Raman scattering. We find only two FTIR reports on bulk-grown AlN ͑Refs. 13 and 14͒ and a few articles concerning FTIR studies of crystalline AlN deposited on silicon. 4, [15] [16] [17] [18] [19] The E 1 and A 1 phonons are infrared active in the wurtzite crystal structure. 20 We find no detailed discussion of the effects of anisotropy on the AlN reflectance spectrum. Four primary effects influence the optical properties of anisotropic semiconductors in the infrared region, as has been recently discussed by Tiwald et al., in connection with silicon carbide. 21 These effects are the optical anisotropy of the wurtzite crystal structure, film thickness, epilayer doping, and substrate conductivity. 22 MacMillan, Devaty, and Choyke discuss the presence of anisotropy in the dielectric function of AlN. 15 However, use of an anisotropic model was not critical in their case due to the small angle of incidence ͑5°͒ used in the experiments. Our results for AlN on silicon are well described based on the anisotropy of the dielectric function and thin-film effects.
Raman scattering has been used extensively to study IIInitride semiconductors, including AlN. There are only a few reports concerning the Raman spectrum of crystalline AlN grown on silicon. 4, [16] [17] [18] [19] Six phonons, E 2 1 , E 2 2 , A 1 ͑TO͒, A 1 ͑LO͒, E 1 ͑TO͒, and E 1 ͑LO͒, are allowed in Raman scattering from wurtzite crystals. 20 The E 1 ͑LO͒ band is only seen in right-angle scattering, e.g., y(xz)x , using the standard Porto notation. The c axis of the AlN crystal is defined as the z direction, and x and y are perpendicular to z. The wurtzite-structure phonon symmetries, together with allowed configurations for Raman backscattering, are summarized in Table I . In this work, we measure all AlN phonons that are allowed in Raman backscattering.
The primary focus of our work is the determination of the substrate-induced stress in the AlN. The stress is primarily due to differences in the thermal expansion coefficients as the epitaxial layer and substrate cool from the growth temperature to ambient conditions. 23 Stress is important because it alters the energy band structure and can influence the epilayer properties, even resulting in layer cracking. 24, 25 Raman scattering is a proven method for studying stress. The E 2 2 Raman band has been used extensively to study the substrate-induced biaxial stress in GaN. 23, [26] [27] [28] However, for AlN we find no published reports establishing the relationship between known stress and the E 2 2 phonon energy. Published values of the E 2 2 phonon energy in unstressed AlN are varied, ranging from 655 to 665 cm Ϫ1 . [29] [30] [31] Phonon-stress relationships are established best using externally applied, uniaxial stress, such as what has been extensively reported for silicon. 32 An alternative, which is appropriate for epitaxial films, is to examine the effects of biaxial stress on the Raman spectrum. This relationship is extremely important because it allows one to measure the compressive or tensile stress in AlN layer deposited on any of the commonly used substrates.
We combine Raman and x-ray diffraction ͑XRD͒ studies to obtain the Raman-stress factor for undoped AlN under tensile biaxial stress. Two quantities are necessary: the phonon energy under no stress and that at some known biaxial stress. Thus, the Raman-stress factor ͑k͒ is obtained using
where ⌬ is the shift in the phonon energy due to biaxial stress ( Ќ ) perpendicular to the growth ͑c͒ axis. Tensile ͑compressive͒ stress corresponds to Ќ Ͼ0 (Ͻ0). Typically, strain is measured using XRD; then the corresponding stress is found from the elastic constants. A range of values has been reported for the AlN elastic constants both from experiment [33] [34] [35] [36] and theory. [37] [38] [39] Knowledge of the elastic constants is essential in determining the stress/strain relationship.
II. EXPERIMENTAL METHODS
AlN layers were grown at 1100-1160 K using gas-source molecular beam epitaxy ͑GSMBE͒ with ammonia on ͑111͒-oriented silicon substrates. Details of the growth are described in Refs. 9-11. Epitaxial layers varied from 0.06 to 1.0 m in thickness. The AlN epilayers were not intentionally doped. Secondary-ion mass spectroscopy measurements show the impurity concentrations of silicon and carbon to be Ͻ2ϫ10 17 cm Ϫ3 and oxygen to be Ϸ5ϫ10 18 cm
Ϫ3
. 40 For this oxygen concentration, it is possible that there is internal ''hydrostatic'' stress within our samples. However, we have made no systematic studies of the effects of oxygen on the vibrational properties of AlN, similar to what has been done in Ref. 26 for intentional ͑substitutional͒ doping of GaN.
All ex situ studies reported here were done with the samples at room temperature. The smoothness of the AlN was determined using atomic-force microscopy. Over the 5 mϫ5 m areas scanned, the rms roughness of our samples ranged from 0.5 to 1.9 nm. This roughness is typical for our AlN/Si epilayers. 9 Smooth surfaces are very important for certain optical studies, such as FTIR and ellipsometry.
XRD studies were done primarily to determine the c-axis lattice parameter. The measurements were carried out using a high-resolution diffractometer with Ge͑220͒, fourfold, Bartels-type monochromator and a Ge͑220͒ threefold analyzer crystal. The illumination region for the XRD measurements is approximately 0.2 mmϫ6 mm. Triple-crystal 2 -and rocking curves ͑RC͒ have been measured for the ͑0002͒ AlN reflection. A typical diffraction pattern, obtained from a 0.2-m-thick AlN epilayer, is shown in Fig. 1 . The 2 -measurement of the ͑0002͒ reflection permits us to evaluate the lattice parameter c. The full width at half maximum ͑FWHM͒ of the ͑0002͒ peak in Fig. 1 has a value of 100Ϯ5 arcsec. This corresponds to a structural coherence length of 165Ϯ8 nm along the growth direction. Our results show that the coherence length closely matches our nominal epilayer thickness, indicating high crystal perfection. We note that the difference between sample thickness and coherence length is plausibly explained by the presence of a region near the AlN-substrate interface that possesses a relatively high defect density. 9, 10 FTIR spectra were measured over the 400-4000-cm Ϫ1 range with a spectral resolution of 4 cm Ϫ1 . For the absorp- tion, a high-resistivity substrate ͑1000-4000 ⍀ cm͒ with the back surface polished, was used to permit transmission of light through the sample. We used unpolarized light with a 30°angle of incidence for the FTIR reflectance studies. These spectra were taken using AlN grown on both highresistivity silicon ͑1000-4000 ⍀ cm, back side polished͒ and low-resistivity, n-type silicon ͑0.05-0.03 ⍀ cm, rough back surfaces͒. Raman spectra were generated using 488.0-nm light, focused to a spot Ϸ2 m in diameter, and direct backscattering. 28 Standard optical elements were used for the polarization studies. Scattered light was passed through a holographic notch filter, dispersed by a 0.5-m spectrometer, and detected using a charge-coupled device ͑CCD͒ array. This system allows us to measure a spectral range of Ϸ600 cm Ϫ1 in a single exposure of 2 to 30 min with a 2-cm Ϫ1 instrument bandpass. Calibration was done using emission lines from a neon lamp or laser plasma lines, giving a wave-number precision of 0.2 cm Ϫ1 for peak position determination. Figure 2 shows FTIR reflectance spectra taken from samples with thicknesses 0.06, 0.20, and 0.80 m. The spectral range shown corresponds to the transverse and longitudinal-optical-phonon energy range. For the 0.8-m thickness, the reflectance shows a broad, asymmetric feature with two minima. This is reminiscent of a reststrahlen band bracketed by transverse-and longitudinal-optical-phonon energies. Because we study a thin film, the reststrahlen band shows a pronounced asymmetry. With thinner AlN films, the spectra in Fig. 2 evolve to show one maximum and one minimum, which are most closely associated with the E 1 ͑TO͒ and A 1 ͑LO͒ phonons, respectively. We find that the spectra can be described based on a model in which the thickness of the AlN is the primary parameter varied.
III. FTIR REFLECTANCE AND TRANSMITTANCE OF AlNÕSi
FTIR reflectance spectra were modeled using Lorentz oscillators for the dielectric functions, which take into account the uniaxial anisotropy of the AlN. In the presence of uniaxial anisotropy, the dielectric tensor has the diagonal form
where Ќ ( ʈ ) is the ordinary ͑extraordinary͒ dielectric response to fields perpendicular ͑parallel͒ to the wurtzite c axis. The dielectric functions are
Here, LOʈ and TOʈ are the A 1 -symmetry LO-and TOphonon energies, respectively. Likewise, LOЌ and TOЌ are the E 1 -symmetry LO-and TO-phonon energies. The highfrequency dielectric functions are ϱʈ Ϸ ϱЌ ϭ4.84. 13 The damping constants ͑⌫ ʈ and ⌫ Ќ ͒ and the phonon energies are parameters in the model. The stress field is not explicit in Eq. ͑2͒ because biaxial stress perpendicular to the c axis will not lower the crystal symmetry, leaving the form of the dielectric tensor unchanged. Stress enters through the phonon energies in Eq. ͑3͒. Reflectance is calculated at the experimental angle of incidence ͑30°͒ using these dielectric functions and the Fresnel relations for thin dielectric films on a substrate. 42 The AlN thickness enters as a parameter in the Fresnel relations. The 0.06-m sample thickness was determined using spectroscopic ellipsometry. The thicknesses of the other samples shown in Fig. 2 were determined to be 0.20Ϯ0.03 and 0.80 Ϯ0.03 m from the Fabry-Perot fringes in uv-visible reflectance. Our FTIR reflectance model yielded respective thicknesses of 0.06, 0.16, and 0.80 m. The energy-dependent optical properties of silicon were used for the reflectance calculation. 41 The substrate thickness was set to that of our wafers ͑about 0.5 mm͒. The incoherent interference of front and back surface reflections was taken into account. The reflectance of the back surface was varied to obtain good agreement with the data. This primarily accounts for the smoothness of the back surface.
Results of the model reflectance spectra are shown in Fig.  2 , along with the data. The agreement seen between the model and the data in Fig. 2 is good for each thickness. The E 1 (TO) phonon energy found from modeling our data lies in the 665-666-cm Ϫ1 range. The A 1 (LO) phonon has energy between 883 and 885 cm
Ϫ1
. We fix the E 1 (LO) phonon energy at 912 cm Ϫ1 ͑Ref. 35͒ and that of the A 1 (TO) phonon is held at 607 cm Ϫ1 based on our Raman measurements. The model is not as sensitive to the values used for the E 1 (LO) and A 1 (TO) phonon energies. These are determined within Ϯ5 cm Ϫ1 from these studies. Table I shows our phonon energies to be in good agreement with previous studies 13, 18, 31, 34, 43 and with our Raman measurements. Variations by several cm Ϫ1 can be attributed to changes in the epilayer stress, to be discussed in the next section. The broadening parameters ranged from 8 to 19 cm Ϫ1 . These values are consistent with recent infrared spectroscopicellipsometry measurements of AlN grown on sapphire using metal-organic vapor phase epitaxy 43 and are smaller than what is obtained in films deposited on sapphire using plasma-enhanced chemical vapor deposition. 18 We note also a larger reflectance background in the data from the 0.06-m-thick sample in Fig. 2 . This is because the substrate used had its back surface polished for the transmission measurements. We have adjusted the reflection from the polished back surface of the substrate so that we have a good match in the background level. The dip near 620 cm Ϫ1 is from twophonon (TAϩTO) absorption in the silicon substrate 44 and is not associated with the A 1 (TO) phonon of AlN.
An interesting result of the FTIR reflectance measurements is that they are sensitive to the E 1 (TO) and A 1 (LO) phonons. The former is not surprising, since the E 1 (TO) phonon is allowed to interact with infrared radiation at this energy when the light propagates along the c axis. However, the high-frequency shape of the reststrahlen band is generally dictated by the LO phonon of the same symmetry. The minimum in reflectance seen from the A 1 (LO) phonon is interesting, since the A 1 -symmetry vibrations should interact with light that does not propagate strictly along the c axis. For p polarization, the oscillating electric field has components both parallel and perpendicular to the c axis, inducing responses from both ʈ and Ќ . Because the dielectric functions vary strongly, especially in the energy range between the A 1 (LO) and E 1 (LO) phonons, light refracts away from the c axis ͑normal͒. This gives rise to interaction with ʈ and results in the allowed A 1 scattering. This situation has been discussed in detail by Tiwald et al., regarding their infrared ellipsometry studies of SiC. Figure 3 shows the FTIR transmission spectrum of a 0.06-m-thick sample grown on high-resistivity silicon. For light incident normal to the sample surface, we see only the allowed E 1 (TO) absorption band at 665 cm Ϫ1 . From the FTIR absorption measurement the experimental phonon line width is 17 cm Ϫ1 . AlN deposited on Si͑111͒ by reactive magnetron sputtering and pulsed laser deposition showed very broad absorption bands that ranged in peak position from 665 to 706 cm
, depending on the deposition conditions. 17 They attribute the large shifts and linewidths to stress distributions within the AlN. Our much narrower linewidth indicates uniform stress, consistent with the Raman measurements we now discuss. Figure 4 shows Raman spectra taken under different scattering and polarization configurations from a 0.8-m-thick AlN layer. We observe all AlN phonons allowed in backscattering, in agreement with the expected selection rules. 20 The intense band at 520 cm Ϫ1 is the O͑⌫͒ phonon from the silicon substrate. The features near 620 and 830 cm Ϫ1 are also from the substrate. Clear from this figure is the low scattering intensity from the 0.8-m-thick AlN. The intensities from the AlN E 2 2 phonon, which is the strongest band observed, were smaller for thinner epitaxial layers and comparable to that of the substrate bands at 620 and 830 cm tive relaxed energies, implying tensile stress in the AlN. The E 2 1 exhibits a slight blueshift, as expected from its negative mode-Grüneisen parameter. 45 It is well known that the A 1 (LO) phonon will interact with a free-carrier plasma if the plasma is present due to intentional or unintentional doping. The A 1 (LO) band loses intensity with increasing carrier concentrations in GaN, 46 and it is reasonable to anticipate the same effect in AlN. Our A 1 (LO) to E 2 2 relative intensities for AlN are comparable to what we measure for GaN with low free-carrier concentration (Ͻ10 17 cm
IV. RAMAN MEASUREMENTS OF AlNÕSi AND THE RAMAN-STRESS RELATIONSHIP

Ϫ3
). 47 In our best samples the E 2 2 mode has a narrow FWHM of 6.2 cm Ϫ1 , which is comparable to 5.6 and 7.2 cm Ϫ1 reported for AlN grown on sapphire and SiC substrates, respectively. 48 The presence of all phonon modes allowed in backscattering measurements and their narrow linewidths confirm the high crystalline quality of the wurtzite AlN studied here.
We now describe our determination of the Raman-stress factor. All measurements were carried out on samples with 0.2-m thickness. Noting the tendency of decreasing stress with increasing thickness, 49 we chose samples with minimum thicknesses that can be measured with an acceptable signal-to-noise ratio by both Raman and XRD techniques. The greater stress will give us larger differences in the Raman energy and lattice parameter, affording the best possible precision in determining the Raman-stress factor.
To determine the zero-stress value of the E 2 2 phonon energy, we back-thinned the silicon substrate from a 0.8-mthick AlN film using standard chemical etching. A freestanding crystal approximately 50 mϫ50 m square was cleaved for micro-Raman measurements. Although there may be some residual stress, we expect this to be small in comparison to that caused by a substrate. For this freestanding crystal we found the E 2 2 band energy of 657.4 Ϯ0.2 cm Ϫ1 , which is the same value obtained in Ref. 35 for a relaxed ͑7-m-thick͒ AlN film grown on sapphire. An undoped AlN film grown on sapphire will be either relaxed or under biaxial compressive stress. Conversely, an undoped AlN film grown on silicon will be either relaxed or under biaxial tensile stress. The fact that both films reveal the same E 2 2 phonon position argues that the 657.4Ϯ0.2 cm Ϫ1 value accurately reflects the zero-stress energy.
XRD determination of the change in the conventional cell length along the c axis gives a strain e ʈ ϭ⌬c/c 0 of Ϫ(2.16 Ϯ0.26)ϫ10
Ϫ3 . These measurements were from five samples all with a thickness of about 0.2 m and each exhibiting the same E 2 2 phonon energy shift of Ϫ9.5Ϯ0.2 cm Ϫ1 , within experimental error. Multiple ͑mapping͒ measurements revealed good uniformity in the stress across the wafer. We use c 0 ϭ0.4980 nm. 50 The biaxial stress is determined using
where e Ќ is the strain in the growth plane, which is proportional to the strain along the c axis (e ʈ ) e ʈ ϭϪ 2C 13 C 33 e Ќ . ͑5͒
C i j are the elastic constants of AlN. We report here the Raman stress factor of kϭϪ6.3Ϯ1.4 cm Ϫ1 /GPa for the E 2 2 phonon of AlN calculated using our combined Raman and XRD measurements and the recent elastic constants of Davydov et al., which were based on epitaxial AlN. 35 For completeness, we include in Table II Table I . range of reported values for GaN. Although we do not know the reasons for the large spread in Raman-stress factors of GaN, we would like to emphasize that the study of highly uniform epilayers is essential for an accurate determination. This is because Raman scattering measurements probe a relatively small excitation area ͑of the order of m 2 to 0.1 mm 2 ͒, providing local information on any film in which there may be spatial variation in the stress. In contrast, XRD probes a much larger area ͑of the order of mm 2 ͒, providing an average strain property.
Using the shifts measured in the E 2 2 phonon energy and our Raman-stress factor, we can calculate stress in AlN using Eq. ͑1͒. We measured the stress in films having different thicknesses ͑0.2-0.8 m͒. We find that the stress generally decreases with increasing AlN thickness. The maximum stress we observe is 1.5Ϯ0.4 GPa in our 0.2-m-thick samples. Since the thermal expansion coefficient of AlN is larger than that of Si, the epitaxial layer is subjected to biaxial tensile stress when the sample cools following growth. Using the thermal expansion coefficients of silicon ͑Ref. 52͒ and AlN ͑Ref. 53͒ we expect a biaxial tensile stress in AlN of Ϸ0.7 GPa. The additional 0.8-GPa stress present in our 0.2-m AlN layers is attributed to the residual stress present due to incomplete relaxation of the AlN layer at the growth temperature. In the 0.8-m-thick sample, for which the Raman data are shown in Fig. 4 and summarized in Table I , we use the E 2 2 phonon energy ͑653.6 cm Ϫ1 ͒ to obtain the tensile stress of 0.6Ϯ0.2 GPa. This is consistent with our estimation for the stress due to the thermal expansion mismatch of AlN and Si.
V. SUMMARY AND DISCUSSION
The FTIR reflectance spectra show a drastic variation in character ͑Fig. 2͒ over the 0.06-0.80-m range of thicknesses studied. These spectra are well described by a model using damped Lorentzian oscillators for the dielectric functions, taking into account the anisotropy of the AlN wurtzite structure. The A 1 -and E 1 -symmetry phonon energies and the AlN layer thicknesses are the primary parameters in the model.
Raman spectra show all phonons allowed in a direct backscattering configuration ͑Fig. 4͒. Phonon energies agree with the FTIR measurements and with previous studies ͑primarily Raman scattering of AlN grown on sapphire͒. The E 2 2 phonon energy for AlN under no stress is found to be 657.4 Ϯ0.2 cm Ϫ1 . By using combined Raman and XRD measurements, we obtain a Raman-stress factor for biaxial stress on AlN of Ϫ6.3Ϯ1.4 cm Ϫ1 /GPa. As is evident in Table II , the Raman-stress factor based on our measurements is strongly affected by the values for the elastic constants. These vary substantially between reports. The same conclusion was reached by Kisielowski et al. 26 in connection with GaN. Further measurements, aimed at finding an accepted set of elastic constants, are needed to improve our understanding of the effects of stress, in general. Stress in AlN due to the silicon substrate is tensile, inducing a redshift to the E 2 2 band. The stresses ranged between 0.6 and 1.5 GPa. The thermal expansion mismatch between AlN and the silicon substrate results in a stress of approximately 0.6 GPa. The additional stress seen in some layers is attributed to residual stress, which occurs during growth.
The stresses measured in AlN are quite large. In our previous work concerning GaN grown on silicon, we measured a biaxial tensile stress of 0.40 GPa. 23 This stress was well described by the thermal expansion mismatch between the epilayer and the silicon. GaN grown on sapphire is subjected to large biaxial compressive stresses, ranging from 0.4 to 1 GPa. 26 A stress value of 1.3 GPa has been observed recently in Al x Ga 1Ϫx N layers grown on sapphire. 54 This is very close in magnitude to the largest stress we have seen in our AlN/Si samples. Even larger stresses ͑6.3 GPa͒ have been reported in GaN-AlN superlattices grown on sapphire. 55 Evidently, large stresses are typical in the nitride system of semiconductors when they are epitaxially deposited on common substrates. The ability for the nitride layers to withstand such stresses depends on the uniformity, crystal quality, and layer thickness.
